Electromagnetic forming is a well-developed high-rate forming technology. An important issue of this technology is the temperature rise of the driving coil, which can adversely affect the coil service life. This paper is aimed at addressing this issue through detailed investigation of an electromagnetic forming based on half-wave current method. On the basis of the principle of electromagnetic forming and finite element modelling, this paper compares and analyzes the temperature rise profile of the driving coil along with the forming efficiency of the workpiece in the traditional discharge, the crowbar discharge and the halfwave current discharge models. Results show that with the same system discharge parameters, the half-wave current method can reduce the Joule heating of the driving coil from 1.82kJ to 1.3kJ, which effectively reduces the temperature rise of the driving coil. At the same time, the workpiece forming efficiency is improved from 9.6% to 11.8%. Thus, the half-wave current method can solve the issue of the temperature rise of the driving coil to some extent and promote the process of industrial applications of the electromagnetic forming technology.
I. INTRODUCTION
Electromagnetic forming (EMF) is a high-rate forming technology that uses pulsed electromagnetic force to achieve metal material forming process [1] - [3] . Compared with the traditional machining processing, electromagnetic forming has a high strain rate (10 3 -10 5 s −1 ) [4]- [7] . Hence, EMF can greatly improve the plastic deformation ability of the material and increase the forming limit [8] - [10] . Also, EMF exhibits a non-contact electromagnetic force that facilitates high surface quality and reduces the stress concentration during the forming process [11] - [13] .
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In the EMF process, the driving coil needs to withstand a large pulse current [14] - [16] . Consequently, the generated significant Joule heating causes a serious temperature rise problem to the driving coil. Gies et al. pointed out that more than 50% of the energy in the electromagnetic forming is consumed in the form of Joule heating in the driving coil and the maximum temperature of the driving coil surface reaches 92 • C with internal temperature rise of 178 • C, which seriously affects the service life of the driving coil [17] . Golovashchenko et al. proposed a method of forced air convection that can effectively mitigate the heat dissipation process and reduce the temperature rise of the driving coil [18] . Cao et al. proposed a crowbar circuit to reduce the Joule heating within the driving coil by transferring part of the electrical energy to the crowbar resistor [19] . VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Results show that the Joule heating loss of the driving coil can be reduced from 4.62kJ to 2.07kJ, which represents more than 50% reduction [19] . However, this method compromises the forming efficiency as part of the discharged energy is consumed in the crowbar resistor. The main contribution of this paper is the presentation of a new half-wave current EMF method to reduce the temperature rise of the driving coil without compromising the forming efficiency of the workpiece. In this regard, the electromagnetic-thermalstructural coupling model of the EMF process is established and validated through detailed comparison with experimental data. Furthermore, the temperature distribution profiles of the driving coil and the forming efficiency of the workpiece in the traditional discharge, crowbar discharge and half-wave discharge models are analyzed and compared. The effectiveness of the EMF based on the half-wave current method is also discussed in detail. 
II. BASIC PRINCIPLE
A schematic diagram of the basic principle of the EMF process is shown in Figure 1 . In this process, the capacitor discharges its stored energy in a form of a pulse current to the driving coil which generates an induced eddy current in the metal workpiece. The pulse electromagnetic force of the coil and the workpiece eddy currents drives the workpiece to accelerate and plastically deform, thereby forming the metal workpiece [20] , [21] . In the conventional electromagnetic forming, the discharge model is a second order RLC circuit as shown in Figure 2 . The circuit equations of the traditional discharge model can be written as: In order to improve the temperature rise distribution of the driving coil, a modified discharge model with a crowbar circuit as shown in Figure 3 has been developed [19] .
The circuit equations of the crowbar-based discharge model are as below:
In this paper, a thyristor switch is used instead of the air switch in Figure 3 to develop the proposed half-wave currentbased EMF process as shown in Figure 4 . At zero current crossing, the thyristor cuts off the current in the coil. Unlike the energy dissipates in the crowbar resistance in the model proposed in [19] , the half wave current discharge model proposed in this paper facilitates part of the energy to charge the capacitor and re-uses this energy in the EMF process. Hence, improving the forming efficiency as will be eleborated below.
The circuit equations of the half-wave discharge model are: where U c is the capacitor voltage; I c is the driving coil current; I d is the crowbar loop current.
III. ELECTROMAGNETIC FORMING MODEL
In the process of EMF, there is a strong coupling between the electromagnetic, structure and temperature fields. Finite element analysis is used to emulate the physical process of the EMF. Two-dimensional axisymmetric model of the electromagnetic sheet bulging process is established using COMSOL software. The schematic flowchart of the simulation method is illustrated in Figure 5 . The model consists of five modules: -Global Ordinary Differential and Differential Algebraic Equations module which is used to simulate the external circuit and calculate the current of the driving coil using equations (1), (2) and (3) for the traditional, crowbar, and half-wave discharge models; respectively.
-Magnetic Field module is used to calculate the magnetic field and the electromagnetic force distribution.
-Solid Mechanics module is used to simulate the deformation process of the sheet driven by the electromagnetic force.
-Solid Heat Transfer module is used to simulate the temperature change of the driving coil and the sheet under the action of Joule heating.
-Moving Grid module is used to update the air grid around the sheet.
A. ''MAGNETIC FIELD'' MODULE EQUATION
Ignoring the influence of the asymptote, the driving coil can be considered as closed conductive rings. The geometry and the electromagnetic field of the driving coil and the sheet have axisymmetric features, which can simplify the electromagnetic forming model into two-dimensional symmetrical axis [22] . In the model, the induced eddy currents in the sheet are mainly dominated by the hoop component as per the equations below:
where E is the electric field intensity; B is the magnetic flux density; v is the workpiece speed; J is the current density; γ is the workpiece conductivity. Subscripts r, ϕ, and z represent the radial, hoop and axial components of the vector; respectively.
In (4), the two terms in the right-hand side of the equation represents the changes in flux density and motion of the workpiece. The electromagnetic force experienced by the sheet is determined by the induced eddy current and the magnetic flux density as below:
The radial magnetic flux density B r on the sheet is much larger than the axial magnetic flux density B z , and hence the electromagnetic force acting on the sheet is mainly axial force [23] .
B. ''SOLID MECHANICS'' MODULE EQUATION
The sheet is deformed under the action of electromagnetic force, and sheet displacement satisfies the following equation:
where ρ is the plate density; u is the displacement vector; F is the electromagnetic force density. The electromagnetic forming process is of high strain rate forming which influences the material and needs to be considered. The Cowper-Symonds model is used to simulate the AA5083-O sheet as per the equation below [19] .
where σ is the flow stress of the plate in high-speed deformation, m is the strain rate hardening parameter, P is the viscous parameter, and σ ys is the flow stress under quasi-static condition. For aluminum alloy material, P and m are 6500s −1 and 0.25, respectively.
C. ''SOLID HEAT TRANSFER'' MODULE EQUATION
During the electromagnetic forming process, the temperature of the driving coil rises due to Joule heating, which affects the insulation strength of the driving coil. The Joule heating and the cooling of the driving coil through heat conduction can be expressed mathematically by the following equations:
where ρ m is the material density; C m is the material heat capacity; k is the material heat transfer coefficient.
In the EMF process, two issues should be noted; these are: -Skin effect: which causes irregular distribution for the current density on the driving coil. Therefore, the current density distribution of each driving coil is to be calculated using the following equations:
where V ct is the voltage of a single-turn conductor of the driving coil; σ c is the conductivity of the driving coil; 2π r J σ c is the resistance and 2π r ∂A σ c is the induced voltage. Based on this, the coil voltage in the circuit equation RI c + dLI c dt + dM I c dt can be rewritten as:
V ct (14) where V coil is the voltage across the driving coil; n is the number of turns of the coil which is 40 in this paper.
-Dynamic conductivity: the driving coil conductivity is not a static parameter as it changes with temperature, of the coil which affects the discharge current. Considering the temperature effect, the conductivity of the conductor can be expressed as:
where ρ(T ref ) is the resistivity of the conductor at room temperature (T ref = 20 • C); α is the temperature coefficient; T is the difference between the actual temperature and the room temperature.
IV. SIMULATION AND EXPERIMENTAL RESULTS
In order to validate the accuracy of the developed simulation model, simulation results are compared with the experimental results of the crowbar circuit presented in [19] , with a crowbar resistance of 0.3 . The used sheet material is an AA5083-O aluminum alloy plate with a radius of 90mm and a thickness of 2mm. Schematic of the electromagnetic sheet bulging system is shown in Figure 6 with parameters as listed in Table 1 . These parameters are similar to the experimental parameters published in [19] . The current waveform calculated by the model is shown in Figure 7 . As can be seen, the current reaches a peak value of 17.5 kA at t = 0.23 ms, which is consistent with the experimental measured data published in [19] . Figure 8(a) shows the temperature distribution of the driving coil after a discharge time of 90 seconds; measured using thermographic camera as published in [19] . On the other hand, Figure 8 temperature rise of the driving coil winding area is the highest and the difference between the two highest temperature rises in the experimental and simulation results is only 0.6 • C. Figure 9 (a) shows the outline of the sheet obtained using experimental results in [19] while Figure 9 (b) shows the outline of the workpiece obtained from simulation analysis in this paper. It can be seen that the contours of the plates in both figures are quite similar but the maximum deformation obtained by simulation is smaller than the maximum experimental deformation. This is attributed to the assumption that the sheet end is fixed in the simulation model which is not the case in the experimental measurements. These results attest the feasibility of the electromagnetic-structure-temperature coupling model proposed in this paper. Thus, this model can be effectively used to calculate the temperature rise of the EMF driving coil and the forming efficiency of the workpiece based on the half-wave current method.
V. COIL TEMPERATURE RISE AND WORKPIECE FORMING EFFICIENCY ANALYSIS
In this section, three models including the traditional discharge model, the crowbar discharge model and the half-wave discharge model are employed to analyze the temperature rise of the driving coil and the forming efficiency of the workpiece during the EMF process.
The current waveforms for the investigated three discharge models are shown in Figure 10 . Before the current reaches its peak value, the discharge patterns of the three models look consistent and the peak currents of the three models (17.5 kA) are reached at the same time. The traditional discharge model is a second order passive RLC circuit that operates in underdamped mode; thus, the current waveform exhibits multiple decayed oscillations till it reaches zero. On the other hand, the current in the crowbar discharge model does not oscillate but decays slowly due to the presence of the crowbar resistor. The current waveform of the half-wave current model is a half sine wave. The Joule heating of the driving coil in the three different discharge models is shown in Figure 11 . In the conventional discharge model, initial electrical energy is applied to the driving coil, and the Joule heating is the largest among all other models, being 1.82 kJ. In the crowbar discharge model, part of the energy is transferred to the crowbar resistor through the crowbar circuit, and its Joule heating is centered at 1.63 kJ. In the half-wave discharge model, the current is only a half sine wave, and part of the energy is re-stored in the capacitor, and the Joule heating is the smallest among the three models (1.3kJ).
Due to the skin effect, the temperature within the driving coil is not uniform. Figure 12 shows the temperature at different locations of the copper wire of the driving coil in the half-wave discharge model. During discharging time, the coil external wire temperature is significantly higher than the internal temperature due to the skin effect. After a period of discharge time and due to the high thermal conductivity of the copper wire, the temperature inside and on the surface of the wire are becoming similar. Figure 13 shows the average temperature of the driving coil for the three investigated discharge models. With the crowbar circuit, the average temperature of the driving coil in the traditional discharge model is reduced from 55 • C to 47 • C. With the half-wave discharge model, the average temperature of the driving coil is reduced to 45 • C.
A cloud diagram of the surface temperature distribution along the bottom plane of the driving coil at a discharging time of 90s for the three discharge models are given in Figure 14 . In the three cases, the surface temperature of the driving coil exhibits similar distribution patterns and the The final deformation displacement of the sheet for the three discharge models is given in Figure 15 . The deformation of the plates attained by the three models is almost the same because the electromagnetic force required to form the plates is mainly provided by the first half of the discharged energy.
In order to measure the forming efficiency of the workpiece, the forming efficiency factor η is introduced as the ratio of the kinetic energy E a obtained by the sheet to the total energy E 0 consumed during the forming process. For the conventional discharge and the crowbar discharge models, the total energy consumed is the initial energy of the capacitor. For the half-wave discharge model, part of the energy is stored in the capacitor at the end of the discharging period, which can be used in the next electromagnetic forming, so the total energy consumed is the difference between the initial energy and the final energy of the capacitor. The sheet is a rigid material that is accelerated by the generated electromagnetic force. Hence, the kinetic energy (E a ) of the plate under the three discharge models can be calculated using its mass (m) and speed (v) as below:
The sheet forming efficiency for the three discharge models can be calculated from E 0 and E a as shown in Table 2 . As can be seen, the forming efficiency of the conventional discharge model, the crowbar discharge model and the half-wave discharge model are respectively 9.6%, 8.9%, and 11.8%. Results show that the crowbar discharge model is of the least forming efficiency which is attributed to the additional losses in the crowbar resistances. On the other hand, the EMF based on the half-wave current method is of the highest workpiece forming efficiency due to its ability to reduce the temperature rise of the driving coil than the other two models.
VI. CONCLUSION
Aiming at the temperature rise problem of the driving coil, this paper proposes a method of electromagnetic bulging of VOLUME 8, 2020 the sheet using the half-wave current method. Based on the EMF circuit-electromagnetic-structure-temperature coupling model established in this paper, the temperature rise of the driving coil and the forming efficiency of the workpiece in the traditional discharge model, crowbar discharge model and half-wave discharge model are analyzed and compared. Results show that when the half-wave discharge method is used, the Joule heating consumed in the driving coil is reduced, which in turn reduces the average temperature rise of the driving coil. At the same time, since part of the energy is re-stored in the capacitor, the forming efficiency of the workpiece is improved by more than 20% when compared with the other two models investigated in this paper. The proposed method can solve the temperature rise problem of the driving coil in the current industrial practice to some extent and improve the forming efficiency of the workpiece. QUANLIANG CAO received the B.S. and Ph.D. degrees from the School of Electrical and Electronic Engineering, Huazhong University of Science and Technology (HUST), in 2008 and 2013, respectively. He is currently an Associate Professor with HUST. His research interests focus on the object manipulation using magnetic fields, including electromagnetic forming, magnetic separation, magnetic microrobots, and so on. VOLUME 8, 2020 
